Purpose To evaluate whether the in vitro incubation of spermatozoa with myoinositol may improve the fertilization rate in ICSI cycles. Methods This is a prospective, bicentric, randomized study on 500 MII sibling oocytes injected in 78 ICSI cycles performed between March and October 2013. Randomization of the oocytes into two groups was performed at the time of the denudation. Fertilization rates (per oocyte injected with spermatozoa treated with myoinositol versus per oocyte injected with spermatozoa treated with placebo) were measured as primary outcome and embryo morphology as secondary outcome. Clinical outcomes were also documented. Result (s) Fertilization rate (78.9±28.6 % vs 63.2±36.7, P= 0.002) and percentage of grade A embryos on day 3 (59.8± 35.6 % vs 43.5±41.5, P=0.019) were significantly higher when spermatozoa were treated in vitro with myoinositol versus placebo. No differences were found for the expanded blastocyst formation rate.
Introduction
Despite their small size and structural simplicity, mounting evidence indicates that spermatozoa possess a sophisticated mechanism for regulation of cytoplasmic Ca 2+ concentration [1, 2] . Recent studies speculate about the presence of two intracellular Ca 2+ stores and one sperm-specific Ca
2+
-permeable channel (CatSper) in the plasma membrane of the flagellar principal piece [3] [4] [5] [6] [7] . One of the Ca 2+ -permeable channels present in the Ca 2+ storage organelles of spermatozoa is the inositol 1,4,5-triphosphate-sensitive Ca 2+ channel [commonly called Ins [1, 4, 5 ] P 3 R] that has been studied extensively in a variety of cell types including sperm [8] . This channel binds the second messenger inositol 1,4,5-triphosphate [Ins [1, 4, 5] P 3 ], which leads to elevation of intracellular Ca 2+ concentration [9] . Immunolocalization experiments showed that two Ins [1, 4, 5 ] P 3 R-containing Ca 2+ stores are present within the sperm, one in the acrosome and the other, a much smaller Ca hydrolyzed to produce two second messengers, diacylglycerol (DAG) and Ins [1, 4, 5 ] P 3 which respectively modulate specific protein phosphorylation process and intracellular Ca 2+ concentration [13] .
The most important contributions of myoinositol to human reproduction are summarized in a review by Carlomagno et al. [14] . More specifically for male gametes, recent evidence tend to suggest that the incubation with myoinositol of spermatozoa from patients with OAT significantly enhances sperm motility and increases the percentage of spermatozoa with high inner mitochondrial membrane potential (MMP), probably increasing cytosolic Ca 2+ and consequently inner mitochondrial Ca 2+ [15] . The number of spermatozoa with high MMP has been shown to correlate positively with sperm concentration, progressive and total motility and to be associated with fertilization rate after in vitro fertilization (IVF) [16] [17] [18] .
For all these reasons, we have speculated that incubation of spermatozoa with myoinositol may impact the embryologic outcomes of IVF cycles. In order to prove our hypothesis, a prospective comparison was designed in a population of infertile patients attending two different IVF Centers. With the intent to avoid any possible bias regarding the effect of myoinositol on the oocytes during the overnight incubation with a solution of spermatozoa containing myoinositol in a conventional IVF, we have performed our study in ICSI cycles.
Sibling oocytes fertilization rates after ICSI (per oocyte injected with spermatozoa treated with myoinositol versus per oocyte injected with spermatozoa treated with placebo) were measured as primary outcome. Embryo morphology was the secondary outcome. Clinical outcomes were also documented.
Materials and methods

Study design, randomization and outcome measures
The study design is summarized in Fig. 1 .
A prospective randomized study on sibling oocytes was started to evaluate the effectiveness of myoinositol in an in vitro treatment of spermatozoa. Randomization of the oocytes into two groups was performed at the time of the denudation by an operator (first operator) different from the one who performed the ICSI (second operator). After the denudation, oocytes were allocated in two different ICSI dishes from the first operator, without any identification. If an odd number of mature oocytes was obtained, the first operator allocated the odd group of oocytes completely by chance in one of the unidentified dishes. The second operator added the spermatozoa treated with myoinositol (MYOspermatozoa) in one dish and spermatozoa treated with placebo (CRT-spermatozoa) in the other dish by matter of chance. This second operator was not blinded for the sperm treatment but was blinded for the dish content. ICSI was started with MYO-spermatozoa or CRT-spermatozoa in alternating patients in order to avoid the bias of ICSI timing. A third blind operator evaluated the normal pronuclear appearance, the embryo morphology and selected the embryos for transfers.
The primary efficacy end-point was an increment in fertilization rates calculated per oocyte injected with MYOspermatozoa or CRT-spermatozoa. Secondary end-points were the embryo morphologies. In addition clinical outcomes were documented.
Target population
Between March and October 2013, consecutive couples undergoing ICSI treatment at Tecnolab-Casa di Cura la Madonnina in Milan (MI), and at Physiopathology of Reproduction Unit, 'Cervesi' Hospital in Cattolica (RN), were enrolled in the study. Inclusion criteria were female age ranged between 25 and 42 years, serum follicle-stimulating hormone (FSH) level on day 3≤20 IU/L, more than 2 normal-appearing MII oocytes and availability of ejaculated sperm. Indication for ICSI were oligoasthenoteratozoospermia, advanced maternal age, previous IVF failure and immunological factors. Only fresh cycles were included in the analyses. Both Centers performed IVF laboratory procedures following similar protocols during the study period, including embryo grading. The protocol was approved by the Institutional Review Board of both Institutions and registered with ClinicalTrials.gov (Identifier number NCT02050672). All subjects provided written informed consent before participation.
Ovarian stimulation, oocyte collection, denudation, injection and embryo assessment All patients received a recombinant FSH preparation. Pituitary suppression was achieved either by a conventional GnRH agonist protocol (long o flare) or GnRH antagonist protocol. Upon confirmation of at least three dominant follicles (mean diameter, 18 mm), recombinant or urinary hCG was administered, with oocytes retrieval occurring 35 to 36 h later. Oocyte denudation from the cumulus oophorus was performed between 39 and 41 h post-hCG administration by a brief exposure to 40 IU/ml hyaluronidase solution in medium with Hepes supplemented with 5 % of Human Serum Albumin (Sage In Vitro Fertilization, CooperSurgical, Pasadena CA), followed by mechanical removal of the corona radiata with the use of plastic pipettes of defined diameters (COOK Medical, Bloomington, IN). MII oocyte were evaluated under stereomicroscope and separated from immature oocytes. Dismorphic oocytes were excluded from randomization. The selected oocytes were randomly allocated to injection with MYO-spermatozoa or CRT-spermatozoa, both performed immediately after denudation. To be able to follow the developmental progression of individual oocyte, each inseminated oocyte was cultured separately in microdrops of 25 μl of Protein Plus Cleavage Medium (Sage In Vitro Fertilization, CooperSurgical, Pasadena CA) under mineral oil up to day 3, and eventually in microdrop of Protein Plus Blastocyst Medium (Sage In Vitro Fertilization, CooperSurgical, Pasadena CA) up to day 5/6. The culture was done in a humidified atmosphere containing 5 % O 2 and 6 % CO 2 . Depending of number and quality of embryos available on day 3, the embryo transfer was performed on day 3 or 5. All the supernumerary viable embryos were cryopreserved on day 5 to 7. Embryos were evaluated on day 1 (16-18 h), day 2 (42-44 h) and day 3 (64-65 h) after ICSI, with the use of a cumulative embryo classification scheme taking into account cleavage speed, blastomere symmetry, extent of fragmentation, and presence or absence of multinucleated blastomeres as reported [19] . Fertilization was defined by the presence of two pronuclei and two polar bodies and the blastocyst quality was assessed according to criteria presented by Gardner and Schoolcraft (1999) [20] .
Sperm preparation
We used a commercially available solution of myoinositol called Andrositol-Lab (Lo.Li.Pharma-Roma) specifically developed to reduce sperm viscosity and improve sperm motility in human semen preparation for assisted reproductive technology. Andrositol Lab was provided as a stock solution of myoinositol 133 mg/ml in sodium chloride.
Semen samples were collected after 48 to 120 h of abstinence. After liquefaction and an accurate mixing, the sperm was divided into two identical aliquots. One aliquot was supplemented with myoinositol (Andrositol-Lab, Lo.Li.Pharma-Roma) at a dose of 2 mg/ml corresponding to 78 patients with 2 MII oocytes 500 MII oocytes Randomization
MYO-group
Oocyte injected with spermatozoa treated with myoinositol (n=262)
CRT-group
Oocyte injected with spermatozoa treated with Placebo (n=238)
In vitro culture to day 3 or 5 (78 patients)
MYO-ET Embryo transfer procedures in
which only embryos from MYO-group were transferred n=37
CRT-ET Embryo transfer procedures in
which only embryos from CRT-group were transferred n=15
MIX-ET Embryo transfer procedures in which embryos from MYO and CRT-group were transferred n=23
Blind selection of embryos to be transferred Complete cryopreservation n=2
No embryos to be transferred or cryopreserved n=1 Fig. 1 Schematic presentation of study design 15 μl/ml according to the vial composition (MYO-spermatozoa), and the other one with the same volume of Sperm Was h i n g Me d i u m (S a g e I n Vi t r o F e r t i l i z a t i o n , CooperSurgical, Pasadena CA) as placebo (CTRspermatozoa) and both incubated for 20 min. All the media that we used for the preparation of MYO-spermatozoa, including PVP, were supplemented with the same concentration of myoinositol or placebo. Swim-up technique was used to prepare the sperm for ICSI. After 20 min of incubation with myoinositol or placebo, the whole semen of the 2 aliquots was diluted with 1:2 volume of Sperm Washing Medium (Sage In Vitro Fertilization, CooperSurgical, Pasadena CA) supplemented with myoinositol or placebo respectively and then centrifuged at 1,500 rpm for 10 min. The pellets were resuspended in 50 to 250 μl of Protein Plus Fertilization Medium and layered gently under 0.5 to 1 ml of Protein Plus Fertilization Medium (Sage In Vitro Fertilization, CooperSurgical, Pasadena CA) supplemented with myoinositol or placebo according to semen quality. The tubes were incubated for 30 min to 1 h at 37°C in a humidified atmosphere containing 5 % O 2 and 6 % CO 2. The swim-up portions were then incubated in the same atmosphere until the ICSI time. If no spermatozoa were retrieved in the swim-up fraction, the bottom layers were used for ICSI.
Semen analysis
Semen analysis was performed according to Manual on Basic Semen Analysis. ESHRE Monographs. Oxford: Oxford University Press, 2002 [21] .
Sample specification and statistical analysis
To demonstrate the superiority of myoinositol addition to sperm preparation procedures on fertilization rate based on a maximum absolute difference of 15 % with a power of 90 % and a confidence of 95 % (comparative test with two-sided tests performed) a minimum of 198 oocytes was required per group (396 total). The superiority margin of this study was set at 15 % because this threshold was considered to represent a clinically important difference, in particular on the number of embryos available for transfer or for preimplantation genetic screening in our setting. Considering a mean fertilization rate of 65 % with ICSI procedure in our Laboratory, the higher confidence limit would be superior to 80 % for the injection performed with spermatozoa treated with myoinositol.
Paired-sample two-tailed Student's t-tests were used to compare oocyte fertilization rate, percentage of grade A embryos, percentage of expanded blastocyst formation rate, sperm concentration and motility after swim up between experimental and control group. Differences in ongoing pregnancy and implantation rates, were evaluated with Fisher's exact test. Differences in the mean number of embryos transferred and mean age of females between groups were compared by ANOVA. The Bonferroni's Multiple Comparison test was used as post-test to determine significant differences between groups. Data are reported as mean±SD and odd ratio (OR), 95 % confidence interval (CI), and P value as appropriate. P<0.05 was considered as statistical significant.
Outcome variable definition
A pregnancy was confirmed by serial rise in serum βCG concentrations on two consecutive occasions 12 days after embryo transfer. The absence of an identifiable pregnancy on ultrasound examination was named 'Biochemical pregnancy loss'. A clinical pregnancy was defined as the presence of an intrauterine gestational sac with positive heartbeat on ultrasound. Miscarriage was classified as 'early' (before 12 weeks) or 'late' (after 12 weeks). The implantation rate was defined as the number of gestational sacs per transferred embryo, and the ongoing implantation rate as fetuses with heartbeat beyond 12 weeks of gestation per transferred embryo.
Results
Primary and secondary outcome measures: fertilization rates and embryo morphology
The results obtained are shown in Table 1 .
During the study period, 78 cycles from 78 patients meet the inclusion criteria and were enrolled in the study. The mean age of patients included in the study was 37.4±4.0 year. The total number of injected MII oocytes were 262 in MYO group (mean number per patient±SD 3.36±1.59) and 238 in the CTR group (mean number per patient±SD 3.05±1.56). The fertilization rate obtained with MYO-spermatozoa (78.9± 28.6 %) was significantly higher than fertilization rate obtained with CRT-spermatozoa (63.2±36.7 %, P=0.002).
The percentage of grade A embryos on day 3 in the MYO group was also significantly higher than that of the CTR group (59.8±35.6 % vs 43.5±41.5 %, P=0.019). In cycles where embryo culture was extended to blastocyst stage, the fraction of day 3 embryos that reached the expanded blastocyst stage on day 5 or 6 were similar in both groups (56.5±31.2 % in MYO group vs 61.6±61.5 % in CTR group).
A total of 105 embryos were transferred in 54 embryo transfers on day 3 (mean±SD 1.94±0.59) and 29 embryos in 21 embryo transfers on day 5 (mean±SD 1.38±0.58). One embryo transfer was cancelled because no embryos were available and two transfers were cancelled for high progesterone level. In 37 embryo transfer procedures, only embryos from MYO group were transferred (mean±SD 1.64±0.64), in 15 only embryos from CTR group (mean±SD 1.46±0.52) and in 23 cycles, embryos from both groups were transferred (mean±SD 2.13±0.34, P=0.010).
No significant difference in women's age, level of basal serum FSH, endometrial thickness on ET day and presence of history of recurrent implantation failure were recorded between patients in whom only embryos from MYO group or CTR group were transferred (data not shown).
Clinical outcomes
Twenty-six pregnancies were recorded, including two biochemical pregnancy losses and an ectopic pregnancy. Twenty-seven sacs with fetal heartbeat were observed by ultrasound examination.
Considering only embryo transfer procedures in which embryos from MYO group were transferred, the female mean age was 36.4±4.1 and we documented 13 ongoing pregnancies (35.1 %) with an ongoing implantation rate of 21.3 %. Considering embryo transfer procedures in which embryos from CRT group were transferred, the female mean age was 36.3±4.2 and we reported 3 ongoing pregnancies (20.0 %), with an ongoing implantation rate of 13.6 %. Considering embryo transfer procedures in which embryos from MYO and CRT groups were transferred, the female mean age was 39.4±3.1 and we reported 7 ongoing clinical pregnancies (30.4 %), with an ongoing implantation rate of 21.6 %.
No statistical differences were found between the groups in terms of female age, ongoing pregnancy and ongoing implantation rate: OR (95 % CI) for ongoing pregnancy rate 2.17 (0.52-9.09); OR (95 % CI) for ongoing implantation rate 1.72 (0.44-6.71).
Sperm parameters
Sperm concentration and motility were recorded and reported in Table 2 
Discussion
For the first time we report that the oocyte fertilization rate after ICSI can be significantly increased when spermatozoa are treated and prepared with myoinositol compared with placebo supplemented media. We have expected these results based on previous studies from Condorelli and coworkers [15] and Marchetti and coworkers [18] . Condorelli et al. observed that myoinositol significantly increased the number of spermatozoa with high MMP in OAT patients and Marchetti et al. observed that the percentage of spermatozoa with high MMP positively correlated with fertilization rate in IVF cycles [18] .
We have also observed a statistically significant higher percentage of grade A embryos on day 3 in the MYO group. This result is in line with the observation by Marchetti et al., who described a better embryo quality in IVF cycles when the spermatozoa had higher MMP, although the difference observed in the study by Marchetti et al. was not statistically significant [18] .
Conversely, we did not observe any difference in expanded blastocyst rate formation between the group of oocytes injected with MYO-spermatozoa and the oocytes from the control group suggesting a transient effect.
This seems to fit with the evidence that paternal mitochondria are degraded inside the zygote following the penetration of the entire male gamete into the oocyte. Indeed, sperm mitochondria are ubiquitinated inside the cytoplasm, leading to a selective proteolysis during early embryonic development [22, 23] . Thus, the proteolytic destruction of sperm mitochondria in the early embryo might explain why the functionality of sperm mitochondria is able to affect more the fertilizing capacity and the early post-fertilization development than the Indeed, contrary to what normally supposed, the selection of sperm preparation techniques for the elimination of seminal plasma and the collection of functional spermatozoa represents a still controversial area of investigation. Evidence suggests that the current techniques, due to the multiple centrifugations and the long time during which the samples remain in an incubator at 37°C, allow the production of reactive oxidative species (ROS) and induce spermatozoa DNA damage [24, 25] . Several authors agree that the production of ROS is increased rather than decreased after separation, especially when the swim up methods are used, with the consequent development of DNA abnormalities among spermatozoa [26] . It has been demonstrated that MMP and ROS levels are inversely correlated. Such relationship could be due to two mutually interconnected phenomena: on one hand, ROS causing damage to the mitochondrial membrane and, on the other hand, the damaged mitochondrial membrane causing increased ROS production [27] . Due to its potential effect in increasing the percentage of spermatozoa with high MMP [15] , we can hypothesize that myoinositol can be effective in breaking down this loop, thus potentially affecting the embryo quality.
In our study, the swim up method was used to prepare the sperm samples. In order to shed more light on advantages and disadvantages of various sperm preparation techniques, it would be interesting to investigate whether the positive effect of myoinositol on fertilization rate could be replicated using sperm gradient separation was used for sperm preparation,.
Finally, we cannot exclude that myoinositol was minimally injected with the sperm, producing the positive effect on oocyte and hence, on the fertilization rate and embryo quality. Indeed, it has been demonstrated that mouse oocytes had the capacity to release Ca 2+ following injection of Ins [1, 4, 5] P3, leading to meiotic maturation [28] .
Some limitations of our study should be recognized. Firstly, we have enrolled all consecutive couples with ejaculated spermatozoa undergoing ICSI in our Centers with few limitations only for the female partner. We may expect that the effect of the Myoinosiyol on fertilization rate and embryo quality rate could be different according to different parameters of spermatozoa, especially MMP. Indeed, Condorelli and coworkers observed that myoinositol incubation could significantly increase the percentage of spermatozoa with high MMP in patients with OAT, but not in normozoospermic men [15] . Since sperm with high MMP correlates in a positive manner with sperm number and motility, we can expect some differences in MMP between various semen samples selected for ICSI solely according to number and motility, because nowadays ICSI is more frequently performed independently of traditional sperm parameters. As a consequence, myoinositol treatment of spermatozoa with different MMP level might produce different results on fertilization rate.
It could also be considered that myoinositol treatment might be used as a test in order to evaluate which samples may benefit of incubation with this compound based on motility improvement: patients with a certain responsiveness in terms of sperm motility might be those that can have benefits from the treatment.
Secondly, a portion of women undergoing ICSI for the partner's infertility may have oocytes with a good capacity to repair DNA damage even if the injected spermatozoon has poor quality. This is supported by findings by Meseguer et al. [29] , indicating that high-quality oocytes from donors can offset the negative impact of sperm DNA damage on pregnancy rate. As a consequence, a better stratification of the couples according to female reproductive background should be considered in order to better understand the effectiveness of myoinositol supplementation of sperm preparation media in improving ICSI outcomes.
Finally, according to literature and manufacturer's instructions we used myoinositol at a final concentration of 2 mg/ml. Further studies are necessary to clarify if the specific effect on sperm fertilization ability is indeed dose-dependent.
To our knowledge, this is the first clinical trial designed in a prospective randomized way and involving two Centers clearly demonstrating the superiority of the myoinositol-based in vitro treatment of human spermatozoa on fertilization rate and embryo quality rate compared to placebo-treated spermatozoa in a population of infertile patients. The exact mechanism of action of myoinositol can only be hypothesized and further studies are necessary to clarify if the sperm mitochondria might be involved. However, our results may encourage further research on all the possible benefits of myoinositol supplementation of culture media for human in vitro fertilization procedures as well as it has been observed in animal models including mice. Indeed, the addition of myoinositol to culture media of preimplantation mouse embryos (a key model system for studies concerning experimental approaches to human assisted reproduction) resulted in an increase of developmental activity of the embryos [30] . The improvement of culture conditions still represents one of the main goals of human ART research.
